ABSTRACT To satisfy the requirement of high wireless transmission rate from user terminals, the multicell cooperative communication is an important solution for cellular networks. The selection of cooperative cells is usually depended on every wireless single cellular coverage boundary in cellular networks.
I. INTRODUCTION
To meet the growth of the traffic in mobile communication systems, the cell size of cellular networks has been reduced to close the distance between transmitters and receivers. Hence, small cell networks are emerging in future fifth generation (5G) cellular networks [1] , [2] . To keep the coverage quality and wireless transmission rate for mobile terminals, the multi-cell cooperative communication is an inevitable solution for future cellular networks [3] . The selection of cooperative cells is a key issue to optimize the performance of multi-cell cooperative communications in cellular networks. The wireless cellular coverage boundary of adjacent cells is the core metric for locating user terminals in cell edge regions and selecting suitable cooperative cells for multi-cell cooperative communications in cellular networks [4] . In general, the wireless single cellular coverage boundary model is the basis for wireless cellular coverage boundary of adjacent cells. How to characterize and model the wireless single cellular coverage boundary is a great challenge for cooperative cellular networks.
To analyze the coverage shape of cellular networks, several cellular coverage boundary models have been proposed in wireless communication systems [5] - [11] . When the wireless signal is assumed to be propagated in a free space and the propagation environment is isotropic, the coverage boundary of base station (BS) is a circle with the centered BS [6] . When BSs are assumed to be uniformly deployed with equal distances in a wireless cellular network, the wireless cellular network service region can be split into multiple regular triangles, squares or regular hexagons that seamlessly cover the service region without overlaps. Since a regular hexagon is close to a circle, the regular hexagon has been widely adopted as the wireless cellular coverage model in conventional cellular networks [7] . In generally, BSs of cellular networks are randomly deployed in real urban environments [8] .When BSs of cellular networks are assumed to be governed by a Poisson point process, the cell boundary, which can be obtained through the Delaunay Triangulation method by connecting the perpendicular bisector lines between each pair of BSs [9] , splits the cellular network service region into irregular polygons that correspond to different cell coverage areas. Such stochastic and irregular topology forms a so-called Poisson-Voronoi tessellation random cellular network [10] . All above studies assumed that the wireless signal fading is same for all directions of a BS. Hence, the wireless cellular coverage boundary is usually assumed to be smooth in conventional cellular networks.
Measurement results of indoor wireless infrared communications indicated that the path loss fading of different directions is affected by the different evaluation angles and orientation angles in the wireless channel of the receiver [11] . Combating the degrading effects of multipath reflections at different directions of the receiver, a beam clustering method was proposed to improve the performance of indoor wireless channels [12] . Based on the millimeter wave 60 GHz frequency range propagation channel measurements, the performance of wireless channel was proved to be depended on the evaluation angles and orientation angles between the transmitter and the receiver [13] . Above measurement results have validated that the wireless channel fading is related with the wireless signal propagation directions. Hence, the beamforming method is a potential solution to improve the performance of wireless communications. Given the multi-resolution codebook, a multi-resolution beamforming sequence was designed to strike a balance between minimizing the training overhead and maximizing beamforming gain in 5G wireless communication systems [14] . However, in all aforementioned studies, the impact of anisotropic fading characteristic of wireless signal propagation is focused on the wireless channels. The impact of the anisotropic fading characteristic of wireless signal propagation on the wireless cellular coverage boundary has not been explored in cellular networks. Motivated by above gaps, in this paper we measure and analyze the real wireless single cellular coverage boundary considering the anisotropic fading characteristic of wireless signal propagation. This would be useful for modelling the new topology structure of cellular networks for system performance simulations and cooperative transmission analysis. The contributions and novelties of this paper are summarized as follows.
1) Real wireless single cellular coverage boundary are measured at the urban and suburban of Shanghai China considering the anisotropic fading characteristic of wireless signal propagation. Measurement results indicate that the wireless single cellular coverage boundary is extreme irregular and the probability density function (PDF) of wireless single cellular coverage boundary has the bursty and heavy tail characteristics. 2) To model wireless single cellular coverage boundary, alpha-stable processes have been proposed for fitting the distribution of wireless single cellular coverage boundary. Simulation results validate that the PDFs of wireless single cellular coverage boundary can be fitted by an alpha-stable process with 95% confidence interval (CI) based on the measured data.
The rest of this paper is organized as follows. Section II describes the measurement methods and environments for real wireless single cellular coverage boundary in Shanghai China and characteristics of wireless single cellular coverage boundary are illustrated. The alpha-stable process is introduced for modelling of wireless single cellular coverage boundary in Section III. Based on the measured data, the fitting results between the real wireless single cellular coverage boundary and alpha-stable processes are analyzed. Finally, Section V concludes this paper.
II. MEASUREMENT OF WIRELESS SINGLE CELLULAR COVERAGE BOUNDARY
Based on wireless propagation fading methods, the wireless single cellular coverage boundary of real BSs in Shanghai China has been measured in this section. Measurement results indicate that the bursty and heavy tail characteristics obviously exist in the wireless single cellular coverage boundary of real BSs.
A. MEASUREMENT PROCESSES
We use a continuous wave (CW) test signal method to evaluate the wireless environments. Two measured BSs equipped with an omnidirectional antenna are located at the urban of Shanghai, i.e., Pingjiang Road and the suburban of Shanghai, i.e., Zhangjiang Road, respectively. The transmission frequency of BSs is 2.6 GHz and the transmission power of BSs is configured as 38 dBm. The detail parameters of BSs are list at Table 1 . Only one data set of wireless single cellular coverage boundary with a centered BS is collected in every measurement process in Shanghai China. To facilitate the measurement process, the measurement equipments equipped with an omnidirectional antenna are picked up a car. The detail testing system is illustrated in Fig. 1 . When the car is driven at streets of Shanghai city, the measurement equipments record simple data which include received wireless signal strength and the corresponding location information of received wireless signals. The environment around the BS and the measurement route are illustrated in Fig. 2 . The gray line in Fig. 2 is the measurement route.The original data collected by the terminal equipment is more than one hundred thousand. To avoid the test deviation caused by environments, a zonal statistic method [15] is adopted to average the original data in every 100 m 2 . Passing through the above data processing, the testing data is obtained to analyze the wireless single cellular coverage boundary in the following sections.
To simplify the processing of the measured data, we assume that the path loss coefficient and the shadowing fading of wireless channels are same in a small angle θ around the BS. Without loss of generality, the small angle θ is configured as 3 • and then 120 directions can be divided around the BS. The detail divided directions around the BS are illustrated in Fig. 3 , where θ is the divided angle around the BS, the red line is the measurement route around the BS. In Fig. 3 , the purple line and the blue line are measurement routes at two adjacent measurement angles around the BS. Based on the measured data in an angle of the BS, one coverage boundary point is estimated by the wireless signal propagation model for the direction of the BS which corresponds to a measurement angle. When all coverage boundary points are connected, the wireless single cellular coverage boundary, i.e., the green line, is formed for analyzing statistical characteristics in this study.
B. WIRELESS SIGNAL PROPAGATION MODEL
The CW test signal method is used for the wireless signal measurement process in this study. Based on the CW test signal method, the averaged sampling procedure is used to obtain the received wireless signal strength in wireless communications [16] . Therefore, the small-scale fading, i.e., multipath fading, is eliminated and the large-scale fading is saved in the wireless single cellular measurement data [17] . Then, the wireless signal propagation model based on the measurement data can be configured by [7] 
where PL(d) is the measured received wireless signal strength at a mobile user terminal whose distance from the BS is d , PL(d 0 ) is the measured received wireless signal strength at a reference location whose distance from the BS is d 0 , β(θ ) and s(θ ) are the path loss coefficient and shadow fading at the direction with the angle θ , respectively. The two-dimensional plane covered by a BS is segmented by K sections centered at the BS and with θ • direction angle. Considering the anisotropic fading characteristic of wireless signal propagation, the path loss coefficient and ) are first plotted in a Euclidean coordinate system. The wireless signal propagation model is fitted using a least squares line through measured data points collected from the k − th direction. As a result, the asymptotic slope of the least squares fit the path loss coefficient β(θ) k , and the asymptotic intercept is the shadow fading s(θ ) k for the k − th direction of the measured wireless single cellular coverage region. When the received wireless signal strength threshold at the wireless single cellular coverage boundary is configured as PL(d) = −110 dBm [18] , the distance φ k between the discrete boundary point and BS is calculated using the wireless signal propagation model based on the estimated path loss coefficient β(θ ) k and shadow fading s(θ) k in the k − th direction of the measured wireless single cellular coverage region. When all directions of the wireless single cellular coverage are measured from Pingjiang Road, Shanghai China, we can calculate the distance between the measured BS and its boundary point in all directions based on (1). The distance series φ of the calculated wireless single cellular coverage boundary is obtained and illustrated in Fig. 4 . Fig. 4(a) illustrates the wireless single cellular coverage boundary positions around the BS in a geographical position coordinate system. We can found that there exist a little cellular boundary positions where are far away from the BS. To clear illustrate the distance changes of the wireless single cellular coverage boundary positions in different directions of the BS, the distances of the wireless single cellular coverage boundary positions in different directions is shown by a polar coordinate system in Fig. 4(b) . It is found that the most of distances between wireless single cellular coverage boundary positions and the BS is less than 15 kilometer (km). But there exist a little distances between wireless single cellular coverage boundary positions and the BS which are obviously larger than 15 km, e.g., the maximum distance is 403 km. Therefore, there exist a bursty characteristic in the distances between wireless single cellular coverage boundary positions and the BS. Based on the measured data, the PDF of distances between wireless single cellular coverage boundary positions and the BS is plotted in Fig. 5 . By zooming the tail of PDF curve, there exists a gently decreasing process when the distance increases from 15 to 34 km. This phenomenon is called as the heavy tail characteristic of the PDF. This result implies that some small probability events, such as a little discrete boundary points that are far away from the BS, cannot be ignored in forming the distribution of measured wireless single cellular coverage boundary. The heavy tail phenomena in the PDF of distances between wireless single cellular coverage boundary positions and the BS is caused by the bursty characteristic of distances between wireless single cellular coverage boundary positions and the BS. Given the received wireless signal strength threshold, there exist a little very long distances between wireless single cellular coverage boundary positions and the BS. These very long distances satisfying the received wireless signal strength threshold are existed at some specified angles where do not exist obviously obstacles, such as big buildings and trees. The path loss coefficients of specified angles are obviously less than the other path loss coefficients of angles in the wireless single cellular coverage region. As a consequence, the wireless single in these specified angles with small path loss coefficients can be propagated for very long distances. These long distances between wireless single cellular coverage boundary positions and the BS conduce to the heavy tail phenomena in Fig. 5 . In this case, the wireless single cellular coverage boundary presents an extreme irregular phenomenon. Considering the heavy tail and bursty characteristics in the measured wireless single cellular coverage boundary, the extreme irregular phenomenon of wireless single cellular coverage boundary is further investigated by a fractal theory, i.e., the alpha-stable process in the following sections.
III. WIRELESS SINGLE CELLULAR COVERAGE BOUNDARY MODEL
Based on fractal theory, several typical random processes have been proposed to model the real world events with the heavy tail and bursty characteristics [19] - [22] . The ON-OFF process is the first random process used for modelling the real world events with the heavy tail characteristic [19] . The advantage of the ON-OFF process is simple but the disadvantage of the ON-OFF process is that the output rate of the ON-OFF source has to keep a constant, which cannot be satisfied in most real world events. To overcome this disadvantage, the fractional Brownian motions (FBM) process has been proposed [20] . The FBM process has an analytical and simple expression of PDF but is only used for the fractal random process with the short-term dependence. Furthermore, the fractional auto-regressive integrated moving average (FARIMA) process has been presented to describe the fractal random process with the short-term and long-term dependences [21] . However, the computation complexity of FARIMA process is very high and the FARIMA process cannot model the Gaussian random process. To surmount above challenges, the alpha-stable process has been emerged to model the real world events with the heavy tail and bursty characteristics [22] . In this article, one of fractal processes i.e., the alpha-stable process is adopted to describe the extreme irregular phenomenon of the wireless single cellular coverage boundary with the heavy tail and bursty characteristics. There does not exist the closed form expression for most of alpha-stable processes. Hence, the characteristic function is used to define the alpha-stable processes. The definition of alpha-stable process is described as follows:
Definition 1 [22] : A random variable X is said to have a stable distribution if there are parameters 0 < α ≤ 2, −1 ≤ β ≤ 1, σ ≥ 0, and µ ∈ R such that its characteristic function has the following form:
where exp(•) is the expectation operation. The alpha-stable distribution belongs to a family of heavy-tail distributions. Parameter α is called characteristic exponent and specifies the level of burstiness characteristic. The parameter β reflects the skewness of the distribution when β = 0. α and β together determine the shape of the distribution and reflect the heavytail and bursty characteristics of alpha-stable distribution.
Variables σ and µ are denoted the scale and location parameters and express the dispersion and the mean or median of the distribution. When α = 2, the alpha-stable distribution is a Gaussian distribution with the mean of µ and the variance of 2σ 2 . To simplify expression, a random variable X that follows an alpha-stable distribution with the above parameters is denoted by X ∼ S α (β, σ, µ).
Utilizing the normalized empirical characteristic function (ECF) [23] , the parameters of alpha-stable processes have been estimated from the measured data both in Pingjiang Road and Zhangjiang Road, Shanghai China showed in Table 2 . Based on the estimated parameters in Table 2 , the PDF of alpha-stable process can be simulated to compare with the distribution of measured data. To keep the joint continuous of parameters for numerical simulations, a continuous alpha-stable distribution is adopted in this study [22] . The characteristic function of continuous alpha-stable distribution is given by (3) , shown at the bottom of this page.
Moreover, the PDF of continuous alpha-stable process is derived by the formula (4),
When α = 1 and according to the formula (4), the PDF of continuous alpha-stable process is extended as (5), shown at the bottom of the next page, Considering the simulated PDF is based on the measured parameters, the imaginary part in (5) can be ignored in numerical simulations. Therefore, (5) is simplified as the formula (6), shown at the bottom of the next page When α = 1, the PDF of continuous alpha-stable process is derived by
IV. SIMULATION ANALYSIS AND DISCUSSIONS
As with any other family of distributions, it is not possible to prove that a given data set is or is not an alpha-stable distribution. The best we can do is to determine whether or not the data is consistent with the hypothetical distribution with a given confidence interval [24] . To easy compare the measured data distribution with the hypothetical data distribution, the alpha-stable distribution is normalized into a unified expression, i.e., X ∼ S α (β, 1, 0). Based on the property of alphastable distribution, a unified alpha-stable distribution used for simulation can be transformed by
Utilizing the unified alpha-stable distribution and (6), (7), the PDF of alpha-stable process based on the estimated parameters is simulated in this section. The PDF curves provide a simple and intuitive method to compare the measured data distribution and the hypothetical distribution. Based on the measured data at Pingjiang Road, Shanghai China, Fig. 6(a) shows the PDF of measured data and the hypothetical alpha-stable distribution whose parameters are configured from Table 2 . The shapes of two PDF curves are very closed in Fig. 6(a) except means of distributions. When the PDF curve of measured data is shifted to the place with the zero mean, the PDF curve of measured data almost coincides with the PDF curve of the hypothetical alpha-stable distribution. This result indicates that the hypothetical alpha-stable distribution can fit the measured data if the deviation of mean is ignored in Fig. 6 . Based on results of Fig. 4 and Fig. 5 , there exist obviously burstiness in measured data. Hence, a little burstiness events will greatly change the mean of the measured data distribution. The bursty characteristic implies there exist a large deviation on the mean value between the measured data distribution and the hypothetical alpha-stable distribution.
To compare the deviation between the measured data distribution and the hypothetical alpha-stable distribution, the Quantile-Quantile (Q-Q) plots have been presented to evaluate the fitting between the measured data distribution and the hypothetical alpha-stable distribution [17] . Fig. 7 shows the Q-Q plots of the Pingjiang measured data distribution and the hypothetical alpha-stable distribution with 95% confidence interval. When the distance between the wireless single cellular coverage boundary and the BS is less than 15 km, the Q-Q points from the Pingjiang measured data is matched with the fitted line from the
f (x; α, β) = 1 π
3574 VOLUME 4, 2016 FIGURE 7. Q-Q plots of the Pingjiang measured data distribution and the hypothetical alpha-stable distribution with 95% confidence interval (CI).
hypothetical alpha-stable distribution. When the distance between the wireless single cellular coverage boundary and the BS is larger than or equal to 15 km, the Q-Q points from the Pingjiang measured data deviates from the fitted line. Based on the results of Fig. 5 , most of Pingjiang measured data is less than 15 km and closes to the hypothetical alphastable distribution. A little of Pingjiang measured data is larger than or equal to 15 km and there exists a heavy tail phenomenon caused by a little of large value data. Considering the bursty characteristic of Pingjiang measured data, these large value data conduce to a deviation between the Q-Q points and the fitted line in Fig. 7 when the distance between the wireless single cellular coverage boundary and the BS is larger than or equal to 15 km. Even the extreme tails of the Q-Q points depart from the fitted line, all Pingjiang measured data are still within 95% confidence interval. These results indicate the hypothetical alpha-stable distribution can be well matched with the Pingjiang measured data with 95% confidence interval. Considering that the Pingjiang Road is located at the urban of Shanghai city, another data is measured from the Zhangjiang Road where is located at the suburban of Shanghai city. Based on the measured data from Zhangjiang Road, the PDF curves of Zhangjiang measured data distribution and the hypothetical alpha-stable distribution whose estimated parameters are configured from Table 2 are illustrated in Fig. 8 . Fig. 8(a) presents the original PDF curves of Zhangjiang measured data distribution and the hypothetical alpha-stable distribution. Fig. 8(b) shows the shifted PDF curves of Zhangjiang measured data distribution. When the deviation of mean is ignored, the PDF of Zhangjiang measured data distribution is observed very close to the PDF of the hypothetical alpha-stable distribution. Moreover, the Q-Q figure is presented to compare the deviation between the Zhangjiang measured data and hypothetical alpha-stable data. Fig. 9 shows the Q-Q plots of the Zhangjiang measured data distribution and the hypothetical alpha-stable distribution with 95% confidence interval. When the distance between the wireless single cellular coverage boundary and the BS is less than 15 km, the Q-Q points from the Zhangjiang measured data is matched with the fitted line from the hypothetical alpha-stable distribution. When the distance between the wireless single cellular coverage boundary and the BS is larger than or equal to 15 km, the Q-Q points from the Zhangjiang measured data deviates from the fitted line. Although the extreme tails of the Q-Q points depart from the fitted line, all Zhangjiang measured data are still within 95% confidence interval. All results in Fig. 5-9 indicate the hypothetical alpha-stable distribution can be well matched with the measured data with 95% confidence interval. Therefore, the alpha-stable process is a reasonable approach for modelling the distribution of wireless single cellular coverage boundary.
Compared with Fig. 6 and Fig. 8 , The shapes of PDFs are similar but the mean values of PDF are different. The shapes of PDFs depend on the bursty and heavy tail characteristics of measured data. Hence, there widely exist the bursty and heavy tail characteristics in the measured data of Pingjiang road and Zhangjing road. Zhangjing road is located at the suburban of Shanghai where has some high buildings to block the propagation of wireless signals. Pingjiang road is located at the urban of Shanghai where has many big buildings to block the propagation of wireless signals. Hence, the mean of distances between wireless single cellular coverage boundary positions and the Zhangjiang road BS is larger 50% than the mean of distances between wireless single cellular coverage boundary positions and the Pingjiang road BS.
V. CONCLUSIONS
In this paper, the real wireless single cellular coverage boundary is measured in Shanghai China. Based on the measured data, different directions around the BS have different path loss coefficients and shadowing fadings in a cell. Hence, the wireless single cellular coverage boundary presents an obvious bursty and the PDF of wireless single cellular boundary has the heavy tail characteristic. To model the distribution of wireless single cellular coverage boundary, alpha-stable processes have been proposed to fit the measured wireless single cellular coverage boundary data. Analysis results indicate that alpha-stable processes can be used to model the wireless single cellular coverage boundary with 95% confidence interval. Based on the measurement results and the bursty characteristic of wireless single cellular coverage boundary, the selection of cooperative BSs cannot only consider the closest BSs in distances for cooperative wireless transmission. Considering the angle between the user and BSs, some BSs which are far away from the user still should be selected for cooperative wireless transmissions in cooperative cellular networks. Our results provide an initial point to investigate the wireless single cellular coverage boundary considering the anisotropic fading characteristic of wireless signal propagation in a cell. Future work will be carried out for the performance analysis of cellular network based on alpha-stable processes. JIAQI CHEN received the B.E. degree in communication engineering from the Huazhong University of Science and Technology, Wuhan, China, in 2013, where she is currently pursuing the Ph.D. degree. Her research interests include energy efficiency, fractal cellular networks, and handover.
